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Mass Spectrometric Study of Acoustically Levitated Droplet 
Illuminates Molecular-Level Mechanism of Photodynamic Therapy 
for Cancer involving Lipid Oxidation 
Chaonan Mu, Jie Wang, Kevin M. Barraza, Xinxing Zhang* and J. L. Beauchamp*
Abstract: Even though the general mechanism of photodynamic 
therapy for cancer is known, the details and consequences of the 
reactions between the photosensitizer generated singlet oxygen and 
substrate molecules remain elusive at the molecular level. Using 
temoporfin as the photosensitizer, here we combine field-induced 
droplet ionization mass spectrometry and acoustic levitation 
techniques to study the “wall-less” oxidation reactions of 18:1 
cardiolipin and POPG mediated by singlet oxygen at the air-water 
interface of levitated water droplets. For both cardiolipin and POPG, 
every unsaturated oleyl chain is oxidized into an allyl hydroperoxide, 
which surprisingly is immune to further oxidation. This is attributed to 
the increased hydrophilicity of the oxidized chain, attracting it toward 
the water phase, increasing membrane permeability and eventually 
triggering cell death. 
 More than a century has passed since Meyer-Betz 
performed the very first study of photodynamic therapy (PDT) 
using porphyrins on his own hands.[1,2] Subsequent research has 
led to the development of PDT drugs which have been approved 
for clinical use.[2,3] The mechanism of PDT is generally believed 
to proceed as follows.[4] Upon absorption of light, a 
photosensitizer (PS) is excited from the ground singlet state to an 
excited singlet state, then transformed into a relatively long-lived 
triplet state by intersystem crossing. This triplet could oxidize the 
substrate by one electron or abstract H atom from the substrate, 
followed by various O2 mediated oxidation pathways such as the 
formation of O2-, HO2-, H2O2 and OH (type I), or transfer its energy 
to an adjacent oxygen molecule, forming singlet oxygen (SO), 1O2 
(1Δg). SO will react with molecules that are in close proximity to 
the area of its generation (type II). Type I and Type II reactions 
occur simultaneously, with variable branching ratio depending on 
types and concentrations of the PS, substrate, and oxygen. PDT 
attacks cancer cells in different manners including direct tumor 
cell killing by triggering apoptosis, vascular damage and the 
activation of immune response.[2–6] 
 Although the general mechanisms of PDT targeting 
unsaturated phospholipids,[7–11] residues of proteins or 
peptides,[12] and nucleic acid components of DNA and RNA[13] are 
known, the details of reactions between PS generated SO and 
substrate molecules at the molecular level remain elusive[14] 
especially at the early stage of the reaction. This is because the 
nascent products stemming from SO oxidation are themselves 
highly reactive, easily degrading or evolving into other products 
with time or during sample characterization.[15] Frequently used 
characterization methods for lipid oxidation, such as oxygen 
consumption, fluorescence, and chromatographic measurements 
are either indirect or involve extensive sample handling and 
transfer.[16,17] In view of this, here we report a new methodology 
that combines two techniques, field–induced droplet ionization 
mass spectrometry (FIDI-MS) and acoustic levitation (AL) to study 
the photosensitized oxidation of 18:1 cardiolipin (CL) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)  
(POPG) at the air-water interface of levitated droplets. These two 
substrates are selected to represent a major target of PDT, 
unsaturated phospholipids. 5, 10, 15, 20-tetra(m-
hydroxyphenyl)chlorin), also known as temoporfin, is selected to 
be the PS in this study for its lipophilic nature, high quantum yield 
and benign, tissue penetrating activation wavelength (652 nm).[18] 
Temoporfin has been approved in Europe for treatment of certain 
skin cancers and sold under the trade name Foscan®.[1] The FIDI-
MS methodology[19–23] developed in our group has been proven to 
be interfacially sensitive, and it selectively samples molecules that 
are at the air-water interface after a well-defined reaction time. 
Previous FIDI-MS studies of interfacial chemistry have used 
hanging droplets.[21-23] Acoustically levitated droplets promise to 
be “wall-less” airborne reactors with no interference resulting from 
contact with a support,[24a] and sound is less invasive compared 
to other levitation techniques such as optic tweezer.[25] AL coupled 
with other techniques, including mass spectrometry, laser 
ionization/desorption, electrochemistry, electrophoresis, 
chemiluminescence, UV/Vis and Raman spectroscopy, and 
chromatography has been applied to examine a wide range of 
scientific problems.[24] In this communication, for the first time, we 
combine FIDI-MS and AL to elucidate mechanistic aspects of PDT 
chemistry at the air-water interface. 
 
Figure 1. The experimental setup of AL coupled with FIDI-MS. (A) 
The overall arrangement of the levitator, FIDI electrodes, and 
mass spectrometer. (B) A levitated and illuminated droplet 
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sandwiched by the two FIDI electrodes, one of which is the 
atmospheric pressure sampling input of the mass spectrometer, 
and the other is the high voltage electrode. (C) Bipolar Taylor 
cones form upon triggering the FIDI voltage. A closer picture of 
the levitator and the acoustic field it emits are provided in Figure 
S1. 
 Details of the experimental methods are provided in the 
supporting information. The acoustic levitator in the current study 
is based on a design by Marzo et al.[26] It features single-axis 
levitation using two arrays (36 transducers mounted on a partial 
hemisphere in each array) of 40 kHz ultrasonic transducers 
sandwiching the levitated object. We built a slightly modified 
version to mount it in close proximity of the extended inlet of a 
Thermo-Fisher LTQ-XL mass spectrometer (Figures 1A, S1). A 
water droplet (~2 mm o.d., ~4 μL) containing a mixture comprising 
100 μM CL or POPG and 50 μM temoporfin is trapped in the 
center node (Figure 1B) of the nodes generated by the standing 
wave resulting from interference of the sound waves originating 
from the top and lower arrays of transducers. This levitated 
droplet is illuminated by a laser pointer (650 nm, 0.345 mW/cm2, 
Figure S2), and placed between two hollow rod electrodes 
separated by ~10 mm, with the ground electrode being the mass 
spectrometer inlet and the high voltage electrode being 
connected to a high voltage pulser (4-7 kV, 5 ms, variable polarity). 
The red light remains on for a variable time period, usually several 
minutes, for the photodynamic reactions to take place. Upon 
triggering the high voltage, set slightly above the threshold for field 
induced droplet ionization, the electric ﬁeld induces a dipole in the 
droplet that interacts with the applied field to stretch the levitated 
droplet until bipolar Taylor cones form at opposite ends, ejecting 
charged submicron progeny droplets of opposite polarity toward 
the appropriately biased electrodes (Figure 1C). The progeny 
droplets ejected into the mass spectrometer yield ions that are 
subjected to mass analysis and structural characterization using 
collision-induced dissociation (CID). Figure 1C is a frame taken 
with a Huawei® Mate 10 Pro smart phone at 240 frames per 
second.  
 
Figure 2. (A) FIDI-MS spectrum of CL oxidized by SO after 
exposure to red light for 4 mins. The products CL(OOH)1-42- are 
observed. (B) CID products of CL(OOH)1-42- showing that 
hydroperoxide group are distributed on different oleyl chains of 
CL. 
 
 Known to comprise a major component of the inner cell wall 
of mitochondria, cardiolipin is selected as a representative 
phospholipid in this study. Peroxidation of CL releases 
cytochrome C from the membrane, which in turn triggers 
apoptosis.[27] Figure 2A presents the structure of 18:1 CL and the 
FIDI-MS spectrum of the oxidation products after 4 mins exposure 
to the red light. A CL molecule possesses two negative charges 
and four unsaturated oleyl chains. According to the well-known 
mechanism of SO reaction with olefins,[28] all of these four 
unsaturated chains should be converted to allyl hydroperoxide 
functionality, and accordingly we observe four products: 
CL(OOH)1-42- (mechanism presented in Figure 5A). Approximately 
26.5% of all the molecules are oxidized by adding at least one -
OOH group. Control experiments with light off result in no 
oxidation. Other studies[7-9,11,15] have shown that photosensitized 
oxidation of unsaturated lipids can result in many other products 
such as alcohols, ketones and aldehydes, which might involve 
further degradation of the allyl hydroperoxide product. But here 
only the nascent allyl hydroperoxide products are observed, and 
no C=C double bond cleavage products are present at the lower 
m/z side of the spectrum, manifesting the efficacy of the combined 
levitated droplet and FIDI-MS analysis as being able to detect and 
characterize nascent reaction products at an early stage of 
photocatalytic oxidation. 
 An obvious question is whether or not the C=C double bond 
of the allyl hydroperoxide product is further oxidized by reaction 
with an additional SO. Alternatively stated, are the -OOH groups 
in the products distributed on different oleyl chains of CL, or do 
some of them occupy the same oleyl chain? To answer this 
question, we performed the CID analyses of the CL(OOH)1-42- 
products (Figure 2B). At the higher m/z region of the spectra, up 
to n water molecules are lost in each CL(OOH)n2- parent ion, 
indicating that there are indeed n -OOH groups in each 
CL(OOH)n2-.[29] The lower m/z portion is the key to answer the 
question raised above. For CL(OOH)1-32-, the collisionally 
dissociated oleic acid fragment (OA-), resulting from the 
unoxidized oleyl chain of CL, is observed concomitantly with the 
loss of H2O product of OA(OOH)-, i.e. (OA+O)-, from the oxidized 
oleyl chain of CL. The intensities of (OA+O)- relative to those of 
OA- increases with n. Especially in CL(OOH)22-, the intensities of 
(OA+O)- and OA- are almost identical, indicating that two oleyl 
chains of CL are oxidized by adding -OOH, while the other two 
stay intact. In the CID spectrum of CL(OOH)42-, no OA- was 
observed, suggesting that the four -OOH moieties are equally 
distributed on all four unsaturated chains of CL. To conclude, 
every unsaturated oleyl chain in a CL molecule is singly oxidized 
by SO to form an allyl hydroperoxide, and the allyl group is 
immune to further oxidation. Additional evidence for this assertion 
is that no CL(OOH)n2- (n>4) was observed in the spectrum. We 
propose that the failure to observe further oxidation of the allyl 
hydroperoxide product has implications for events that occur at 
the lipid-water interface subsequent to oxidation. This is further 
discussed below and illustrated in Figure 5B. Proposed 
mechanisms for loss of H2O from the CID of an allyl hydroperoxide 
are provided in Figure S3. 
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 Figure 3A presents the structure of the POPG parent anion 
and FIDI-MS spectrum of the oxidation products after 4 mins 
exposure to red light, using conditions analogous to those 
employed for CL oxidation. A POPG molecule possesses one 
negative charge, one unsaturated oleyl chain and one saturated 
palmitoyl chain. Only the product POPG(OOH)- was observed 
after oxidation, comprising 26.4% of the observed ions.  Again, 
the oleyl chain was not oxidized twice. CID of POPG(OOH)- in 
Figure 3B shows the loss one H2O, the fragments of palmitic acid 
(PA-), (OA+O)-, and a small amount of OA(OOH)-. The existence 
of PA- suggests that the saturated hydrocarbon chain does not 
react with SO. To further confirm the identity of the 
 -OOH group, H/D exchange experiments were performed by 
using a droplet comprising D2O. Since POPG- is singly charged, 
the H/D exchange can be better observed than in CL due to 
spectral resolution considerations. POPG- has two exchangeable 
H atoms of the two hydroxyl groups on the terminal glycerol 
moiety. POPG(OOH)- has one more exchangeable H atom on -
OOH. Figure 4 presents the H/D exchange results of both POPG- 
and POPG(OOH)-. Up to 2 Da shift and 3 Da shift can be observed 
for POPG- and POPG(OOH)-, respectively, indicating that -OOH 
is indeed present in the molecule. After substracting the ion 
intensities of the isotopic contributions from the lower m/z peaks, 
in the lower panel of Figure 4, quantitatively, 19% of the POPG- 
molecules remain intact, 50% have one H atom exchanged by D, 
and 31% have both H atoms exchanged by D. For POPG(OOH)-, 
8% have no H/D exchange, 32% have one H atom exchanged by 
an D atom, 43% have two H atoms exchanged by D, and 17% 
have all three H atoms exchanged by D. The FIDI mass spectrum 
in cation mode showing the oxdation by SO of temoporfin 
(photobleaching) after 4 mins of light exposure is provided in 
Figure S4. Only 10% of temoporfin is oxidized by adding 32 Da, 
indicating that it is less reactive toward self oxidation compared to 
the double bonds in the lipids, making it a robust PS. 
 
Figure 3. (A) FIDI-MS spectrum of POPG oxidized by SO after 
exposure to red light for 4 mins. The product POPG(OOH)- is 
observed. (B) CID products of POPG(OOH)- showing that the 
oleyl chain is oxidized but the palmitoyl chain remains intact. 
 
 Figure 5 presents reaction mechanisms from which some 
insights into how PDT works can be derived. Figure 5A is the well-
accepted mechanism of SO reacting with a C=C double bond, 
which is directly applicable to CL and POPG. Basically a double 
bond adds one SO molecule, and the terminal O atom then 
abstracts one H atom from either of the neighboring carbon atoms, 
resulting in an allyl hydroperoxide molecule where the C=C bond 
is shifted by one carbon from the original position. Next we 
discuss the observation that subsequent attack by SO 
preferentially occurs at a different oleyl chain instead of the allyl 
hydroperoxide. The structures of CL and temoporfin are drawn 
according to their real relative sizes in Figure 5B. Temoporfin is 
lipophilic, so it prefers to reside in the oil phase, i.e. the lipid 
monolayer. [18] Consequently, the SO molecules generated by the 
PS are in very close proximity to the targeted site, namely the C=C 
double bond centered on the oleyl chains. Upon oxidation, the 
resultant hydroperoxide moiety, with increased hydrophilicity, 
drags the fatty acid chain out of the “war zone” into the water 
phase in order to form hydrogen bonds with water molecules 
(Figure 5B). The lifetime of SO in vivo was reported to be a very 
short time ranging from nanoseconds[30] to microseconds.[31] 
Therefore, SO is supposedly left to attack the C=C double bonds 
remaining in close proximity, resulting in the even distribution of -
OOH on different oleyl chains. Another evidence for this “floating” 
hydroperoxide scenario is the H/D exchange on –OOH observed 
in Figure 4B: only when the –OOH is in the water phase can it 
have a better chance to interact with D2O. The conformational 
change of the -OOH decorated fatty acid chain will lead to an 
increase in the average area per lipid and to a decrease of the 
layer thickness and packing density, which will eventually result 
in a leaky membrane and cell death. The floating hydroperoxide 
scenario has been studied by various in-silico molecular 
dynamics simulations,[32] but our experiment provides direct 
evidence for this subtle mechanism of PDT at the molecular level. 
 
Figure 4. (A) FIDI-MS spectra of POPG- in H2O and D2O solutions. 
(B) FIDI-MS spectra of POPG(OOH)- in H2O and D2O solutions. 
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Figure 5. (A) Mechanism of the C=C double bonds of CL or 
POPG being oxidized by SO. (B) Cartoon showing the allyl 
hydroperoxide resulted from SO oxidation moving out of the 
hydrophobic lipid environment into the water phase in order to 
form hydrogen bonds with water molecules. POPG behaves 
similarly. The photosensitizer temoporfin is embedded in the 
hydrophobic portion of the lipid environment. 
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